The three-component reaction of triphenylphosphine, dialkyl hex-2-en-4-ynedioate and arylidene-1,3-indanedione in dry DME at room temperature furnishes functionalized triphenylphosphanylidene-substituted 1′,3′-dihydrospiro[cyclopentane-1,2′-inden]-2-enes in 75-92% yields.
Introduction
The nucleophilic phosphine-catalyzed annulations have emerged as one of powerful tools for the construction of diverse carbocyclic and heterocyclic systems [1] [2] [3] [4] [5] . The strategy of phosphine-catalyzed annulations includes addition of tertiary phosphine to electron-deficient allenes, alkynes, and modified allylic carbonates to generate active dipolar intermediates and subsequent cyclization with prevailing electrophiles to assembly of versatile five-membered carbo-and heterocycles [6] [7] [8] [9] [10] [11] . In these annulations, dialkyl acetylenedicarboxylates, alkyl propionates and aroylacetylenes are the most common used electron-deficient alkynes [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . In recent years, a new kind of electron-deficient alkyne, dialkyl hex-2-en-4-ynedioate, emerged as new versatile reactive substrate in the reaction [25, 26] . Dialkyl hex-2-en-4-ynedioate is easily obtained in a nearly quantitative yield by base-catalyzed dimerization of alkyl propiolate under mild conditions [27, 28] . Chuang and coworkers have established several phosphine-catalyzed cycloadditions of dimethyl hex-2-en-4-ynedioate with electrophiles containing C=O, C=C and C=N double bonds [29] [30] [31] [32] [33] [34] [35] [36] . We have also successfully developed a mutlicomponent reaction composed of triphenylphosphine and dialkyl hex-2-en-4-ynedioate for the efficient construction of diverse polycyclic and spiroheterocyclic systems [37] [38] [39] [40] . In these reactions, the initially formed active delocalized zwitter ion displays interesting multiple reactivity. In order to further demonstrate the potential synthetic values of the nucleophilic phosphinecatalyzed cyclization, herein we wish to report the threecomponent reaction of triphenylphosphine and dialkyl hex-2-en-4-ynedioate and 2-arylidene-1,3-indanediones for diastereoselective synthesis of the functionalized 1′,3′-dihydrospiro[cyclopentane-1,2′-inden]-2-enes.
Results and discussion
According to the previously established reaction conditions for the phosphine catalyzed reaction of dialkyl hex-2-en-4-ynedioate and phenacylideneoxindolines [38, 39] , a mixture of equivalent amounts of triphenylphosphine (0.5 mmol), dimethyl hex-2-en-4-ynedioate (0.5 mmol) and 2-(4-methylbenzylidene)-1,3-indanedione (0.5 mmol) was stirred in dry dimethoxymethane at room temperature for several hours. After workup, the desired cycloaddition product 1d was isolated in about 60% yield. However, TCL analysis indicated the presence of 2-(4-methylbenzylidene)-1,3-indanedione in the solution. After using a slight excess of triphenylphosphine (0.60 mmol) and dimethyl hex-2-en-4-ynedioate (0.55 mmol), the yield of compound 1d increased to 76%. When the reaction was carried out in ice bath, the compound 1d was obtained in 88% yield. It should be pointed out that the reaction proceeds smoothly to give the pure product after washing with ethanol and there is no need for column chromatography. With these convenient conditions, various 2-arylidene-1,3-indanediones were employed for the reaction. The results are summarized in Scheme 1. As can be seen, the corresponding methyl esters 1a-j were obtained in 78-92% yields. The electronic and the steric effects of the substituent on the aryl group show little effect on the yields of products. The reactions of diethyl hex-2-en-4-ynedioate also afford the spiro compounds 1k,l in satisfactory yields of 75-80%.
All prepared spiro compounds were fully characterized by IR, HRMS, 1 H, 13 C and 31 P NMR. Because there are two chiral carbon atoms in the newly-formed cyclopentene ring, two diastereoisomers (cis/trans isomers) might be formed. However, the NMR spectra always display a single set of absorptions for the characteristic groups in the molecule, which indicates that only one diastereoisomer is formed. For example, the 1 H NMR spectrum of compound 1d shows a singlet at 5.04 ppm, a broad peak at 4.08 ppm and a singlet at 3.95 ppm for the three protons in the newly-formed cyclopentene ring. Other three singlets at 3.33, 3.04 and 2.30 ppm are the characteristic absorptions of the two methoxy groups and one methyl groups, respectively. The 31 P spectrum displays a sharp singlet at 18.65 ppm for to the phosphanylidene group. The single crystal structures of the spiro compounds 1h, 1i and 1j were successfully determined by X-ray diffraction method (Figures 1-3) . The three single crystals have similar structural and stereochemical pattern, in which the 5′-aryl group and 4′-carboxylate groups exist in trans-configuration. The C2=C3 double bond forms a conjugated system with a C=P double bond. In the molecule 1h, the lengths of the four C-P bonds are 1.740(3), 1. 817(3), 1.822(3) and 1.812(3), respectively. The first short bond is a C=P double bond. On the basis of NMR spectra and single crystal structures, it can be concluded that the obtained products 1a-l have trans-configuration and the three-component reaction has high diastereoselectivity. 0-25 °C + + DME
Scheme 1 Figure 1 The molecular structure of the spiro compound 1h. To explain the formation of 1′,3′-dihydrospiro-[cyclopentane-1,2′-inden]-2-enes 1, a plausible reaction mechanism is proposed in Scheme 2 which is based on the present experiments and previuosly reported similar observations [37] [38] [39] [40] . Initially, the addition of triphenylphosphine to dialkyl hex-2-en-4-ynedioate affords the Because all three sequential reactions are retro-equilibrium reactions, the stable trans-isomer is predominatedly formed as main product in the final cylization step. In order to study the scope and limitations of this reaction, the structurally similar 2-arylidenedimedones and 2-arylidene barbituric acid were also employed as possible substrates. However, these attempted reactions did not give satisfactory yields of the expected products, which suggests that the reactivity of the dienophile plays an important role.
Conclusion
We have successfully developed an efficient synthetic protocol for the construction of 1′,3′-dihydro spiro[cyclopentane-1,2′-inden]-2-enes using a threecomponent reaction of triphenylphosphine, dialkyl hex-2-en-4-ynedioate and 2-arylidene-1,3-indanedione. The advantages of the reaction include readily available reagents, mild conditions, simple manipulation, satisfactory yields and high diastereoselectivity.
Experimental
General procedure for synthesis of products 1 A mixture of 2-arylidene-1,3-indanedione (0.5 mmol) and dialkyl hex-2-en-4-ynedioate (0.55 mmol) in dry dimethoxyethane (10 mL) was stirred in an ice bath for 10 min. Then, triphenylphosphine (0.6 mmol) was added slowly. The mixture was stirred at room temperature for about 12 h, after which time the solvent was removed by rotary evaporation at reduced pressure. The residue was crystallized from ethanol to give analytically pure product 1. 1911, 1825, 1710, 1632, 1520, 1431, 1330, 1099, 994, 801 
Scheme 2

Methyl 2-(2-methoxy-2-oxo-1-(triphenyl-λ 5 -phosphanylidene) ethyl)-1′,3′-dioxo-5-(p-tolyl)-1′,3′-dihydrospiro[cyclopentane-1,2′-inden]-2-ene-4-carboxylate (1d) Yellow
Methyl 5-(4-tert-butylphenyl)-2-(2-methoxy-2-oxo-1-(triphenyl-
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